The amyloidogenic islet amyloid polypeptide (IAPP) and the associated pro-peptide ProIAPP 1-48 are involved in cell death in type 2 diabetes mellitus. It has been observed that interactions of this peptide with metal ions have an impact on the cytotoxicity of the peptides as well as on their deposition in the form of amyloid fibrils. In particular, Cu(II) seems to inhibit amyloid fibril formation, thus suggesting that Cu homeostasis imbalance may be involved in the pathogenesis of type 2 diabetes mellitus. We performed X-ray Absorption Spectroscopy (XAS) measurements of Cu(II)-ProIAPP complexes under near-physiological (10 µM), equimolar concentrations of Cu(II) and peptide. Such low concentrations were made accessible to XAS measurements owing to the use of the High Energy Resolved Fluorescence Detection XAS facility recently installed at the ESRF beamline BM16 (FAME-UHD). Our preliminary data show that XAS measurements at micromolar concentrations are feasible and confirm that ProIAPP 1-48 -Cu(II) binding at near-physiological conditions can be detected.
Introduction
Type 2 diabetes mellitus (T2DM) is one of the most common chronic diseases, affecting over 300 million people worldwide. Amylin or Islet Amyloid PolyPeptide (IAPP), is a peptide composed of 37 amino acids that was first discovered as a constituent of amyloid deposits in the islets of Langerhans in individuals diagnosed with diabetes [1] . IAPP is highly amyloidogenic and it is this property that implicates it in the degeneration of islet β cells in diabetes [2] . The precursor to IAPP is the 67 amino acid peptide ProIAPP that upon incomplete processing leads to ProIAPP that has also been found in amyloid deposits in diabetes [3] . Recent research implicates aberrant or incomplete processing of ProIAPP in the aetiology of diabetes [4] .
While both IAPP and ProIAPP readily form amyloids in vitro, their in vivo concentration is significantly below saturation and a burgeoning body of research is investigating this conundrum [5] . The aggregation of super-saturated concentrations of IAPP is influenced by aluminium [6, 7] , iron [7] , zinc [7, 8] and copper [7] . It remains equivocal as to whether Al(III), Fe(III) and Zn(II) promote amyloid [7] , zinc [7, 8] and copper [7] . It remains equivocal as to whether Al(III), Fe(III) and Zn(II) promote amyloid (β sheet) formation while it is clear that Cu(II) prevents IAPP from assembling into-sheet structures [7] as recently confirmed [9] [10] [11] [12] [13] . ProIAPP1-48 forms amyloid less readily than IAPP and while there are few data on its interactions with metals it is also the case that Cu(II) prevents ProIAPP1-48 from forming -sheets structures more prone to amyloidogenesis [12, 14, 15] . A sketch of the process leading to the formation of ProIAPP1-48 and IAPP and of their effect on islet β cells is depicted in Figure 1 . It is widely believed that the cytotoxicity of IAPP and ProIAPP1-48 is related to their propensity to form toxic oligomers during the early stages of amyloid formation [4] and it has been suggested that metals and specifically Cu(II) potentiate toxicity through stabilisation of these oligomeric forms [12, 16] .
It appears therefore to be of the utmost biological and, in perspective, medical importance, to unravel the detailed interaction mechanism between metal ions and amyloidogenic islet peptides. Xray Absorption Spectroscopy (XAS) is the technique of election to selectively obtain, at atomic resolution, information about the metals environment even in the non-crystalline systems of biological interest. Indeed, XAS has been proven to be particularly useful for the study of the metal binding mode in a number of cases related to amyloidogenic proteins [17] [18] [19] [20] .
As recalled above, both IAPP and ProIAPP1-48 form amyloids in vitro but their typical concentration in vivo is significantly lower than the one used in in vitro experiments [21] . Since the behaviour of these peptides in the presence of metal ions does not only depend on the metal/peptide concentration ratio but can also be influenced by their absolute concentration, it is important to perform experiments as close as possible to the physiological conditions. This means that we need to perform experiments in systems where the metal concentration is in the micromolar range.
To tackle the severe signal-to-noise ratio problem associated with such low concentrations, we took advantage of the possibilities offered by the recently installed High Energy Resolved Fluorescence Detection (HERFD) XAS line, operational at the FAME-UHD beamline at ESRF (Grenoble, France) [22] . The interesting features of this high resolution XAS measurement scheme have already been successfully used to study biological samples, such as Fe-containing systems [23] , Mo K-edge XAS in nitrogenase [24] , the binuclear Fe centre in hydrogenase [25] and Cu organic compounds [26] . Other methods such as X-ray Emission Spectroscopy can be implemented easily It is widely believed that the cytotoxicity of IAPP and ProIAPP 1-48 is related to their propensity to form toxic oligomers during the early stages of amyloid formation [4] and it has been suggested that metals and specifically Cu(II) potentiate toxicity through stabilisation of these oligomeric forms [12, 16] .
It appears therefore to be of the utmost biological and, in perspective, medical importance, to unravel the detailed interaction mechanism between metal ions and amyloidogenic islet peptides. X-ray Absorption Spectroscopy (XAS) is the technique of election to selectively obtain, at atomic resolution, information about the metals environment even in the non-crystalline systems of biological interest. Indeed, XAS has been proven to be particularly useful for the study of the metal binding mode in a number of cases related to amyloidogenic proteins [17] [18] [19] [20] .
As recalled above, both IAPP and ProIAPP 1-48 form amyloids in vitro but their typical concentration in vivo is significantly lower than the one used in in vitro experiments [21] . Since the behaviour of these peptides in the presence of metal ions does not only depend on the metal/peptide concentration ratio but can also be influenced by their absolute concentration, it is important to perform experiments as close as possible to the physiological conditions. This means that we need to perform experiments in systems where the metal concentration is in the micromolar range.
To tackle the severe signal-to-noise ratio problem associated with such low concentrations, we took advantage of the possibilities offered by the recently installed High Energy Resolved Fluorescence Detection (HERFD) XAS line, operational at the FAME-UHD beamline at ESRF (Grenoble, France) [22] . The interesting features of this high resolution XAS measurement scheme have already been successfully used to study biological samples, such as Fe-containing systems [23] , Mo K-edge XAS in nitrogenase [24] , the binuclear Fe centre in hydrogenase [25] and Cu organic compounds [26] . Other methods such as X-ray Emission Spectroscopy can be implemented easily using this kind of high resolution measurement, with great interest in the studies of metalloproteins [27] .
With this work we pushed the limits of the technique to the study of ultra-highly diluted metal-protein complexes. The qualitative, biologically significant results we show on the metal-ProIAPP complexes are therefore intended to exhibit the potential of the HERFD-XAS technique in this context.
Materials and Methods
ProIAPP 1-48 fragments were synthesised using an Applied Biosystems 433A peptide synthesiser through the application of standard FMOC-based solid phase methodology. The peptide amino acid sequence is TPIESHQVEKRKCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY. It is worth recalling that the ProIAPP 1-48 fragment is an intermediate form in the process that leads to the formation of the 37 residues long IAPP from the 67 amino acid long ProIAPP. A schematic view of the proteolytic cleavages that lead to the formation of ProIAPP and IAPP is given in Figure 1 .
Purification of the peptide was performed with the help of RP HPLC on a POROS 20R2 column using water/acetonitrile mixtures buffered with 0.1% TFA. The peptide content of the purified material (77%) was determined by quantitative amino acid analysis and lyophilised aliquots were stored at −80 • C prior to the preparation of peptide stock solutions. Peptide stocks were prepared to a final concentration of ca 150 µM via the addition of ultrapure water (<0.067 µS/cm) to thawed peptide lyophilisates. This stock was then used to prepare smaller individual volumes of the peptide in order to achieve the final concentrations of peptide included in the following experiments and these aliquots were stored at −20 • C until required. Thawed peptide aliquots were introduced into modified Krebs-Henseleit (KH) buffers (pH 7.4 ± 0.05) [12] with or without the respective metals (added from certified stocks (Perkin-Elmer) at the required total metal concentrations to give final peptide concentration of 10 µM.
Sub-stoichiometric, 9 µM Cu(II) ions are added thus minimizing the amount of free Cu(II) in solution. In order to investigate the effect on the Cu(II) binding mode of the presence of other metals, like Al(III) and Zn(II) ions at different concentrations, we added the second metal at a concentration of either 50 or 1500 µM. Including Cu(II) in buffer as a blank. In all we have prepared and subjected to XAS measurements the six samples listed in Table 1 . Copper K-edge (8.979 keV) XANES measurements were performed on the BM16 beamline (CRG FAME-UHD) at the ESRF (Grenoble, France) [22] . The main optical elements of the beamline were a two-crystal Si(220) monochromator located between two Rh-coated mirrors. The beam size on the sample was around 200 × 100 µm 2 (H × V, FWHM) thanks to the sagittal focus of the 2nd crystal of the monochromator and the vertical one of the 2nd mirror. The 1st crystal of the monochromator is liquid nitrogen cooled in order to limit its thermal bump due to the incoming photons thus increasing the energy resolution of the monochromatic beam. Energy calibration was done by setting the 1st maximum of the 1st derivative of the copper metallic foil absorption spectrum to 8.979 keV. A 5-crystal analyser spectrometer on a Johann-type geometry (Figure 2) , equipped with Si(444) bent crystals with a 1m radius of curvature (from Crystal Analyser Laboratories, ESRF) was used for fluorescence detection. The spectrometer was aligned so as to have the crystals in Bragg conditions at the Cu K α1 emission line photons energy. The overall instrument energy resolution (combining crystal analyser spectrometer and monochromator contributions) was established to be 0.7 eV by measuring the full width at half maximum of the elastic peak (measured by scanning the incident photon energy, with the monochromator, across the fluorescence photon energy, selected by the spectrometer). All the photons scattered by the crystals were collected using an energy-resolved silicon-drift detector, which allows discriminating the diffracted photons of interest from the other scattered ones.
For a typical biological system, in which the total radiation background (including elastic and inelastic scattering) is substantially more intense than the fluorescence line of interest, the advantage of background removal associated to the HERFD-XAS data acquisition scheme outweighs the disadvantage of having a lower total signal intensity with respect to a standard XAS measuring apparatus, such as a solid-state detector. XAS measurements of samples as diluted as those of interest here are made possible thanks to the use of this set-up that, significantly improve the signal-to-noise ratio, thus allowing nearly background-free measurements.
Data acquisition was performed using a liquid helium cryostat in order to limit sample evolution due to radiation damage under the beam.
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Data acquisition was performed using a liquid helium cryostat in order to limit sample evolution due to radiation damage under the beam. A picture of the FAME UHD beamline showing the HERFD acquisition geometry. In Johann geometry the sample, crystal centre and detector are on the Rowland's circle. The diameter of this circle is equal to the curvature radius of the crystals. A polyurethane balloon filled with He gas was placed between the sample, the crystals and the detector in order to minimize the air absorption of the fluorescence photons along the sample-crystal-detector path.
Results and Discussion
Cu K-edge XANES spectra of the sample listed in Table 1 are all gathered in Figure 3 . Spectra of the Cu-ProIAPP1-48 samples appear to be rather noisy but one has to keep in mind that Cu is present at the extremely low concentration of 9 μM (that corresponds to 0.6 ppm). To the best of our knowledge this is the first time in which XAS measurements are performed to probe the copper speciation in biological systems at bio-relevant concentration.
In the Figure 3 , we compare the XANES spectrum of the Cu-ProIAPP1-48 sample in the absence and in the presence of either Al(III) or Zn(II) ions at two different concentrations, namely 50 μM and 1500 μM, with the idea of detecting possible modifications of the Cu binding mode upon adding a second metal.
The XANES spectrum of Cu in buffer displays features typical of hydrated copper [28] , while the XANES spectrum of Cu-ProIAPP1-48 has a significantly different shape, indicating that Cu is Figure 2 . A picture of the FAME UHD beamline showing the HERFD acquisition geometry. In Johann geometry the sample, crystal centre and detector are on the Rowland's circle. The diameter of this circle is equal to the curvature radius of the crystals. A polyurethane balloon filled with He gas was placed between the sample, the crystals and the detector in order to minimize the air absorption of the fluorescence photons along the sample-crystal-detector path.
Cu K-edge XANES spectra of the sample listed in Table 1 are all gathered in Figure 3 . Spectra of the Cu-ProIAPP 1-48 samples appear to be rather noisy but one has to keep in mind that Cu is present at the extremely low concentration of 9 µM (that corresponds to 0.6 ppm). To the best of our knowledge this is the first time in which XAS measurements are performed to probe the copper speciation in biological systems at bio-relevant concentration.
In the Figure 3 , we compare the XANES spectrum of the Cu-ProIAPP 1-48 sample in the absence and in the presence of either Al(III) or Zn(II) ions at two different concentrations, namely 50 µM and 1500 µM, with the idea of detecting possible modifications of the Cu binding mode upon adding a second metal.
The XANES spectrum of Cu in buffer displays features typical of hydrated copper [28] , while the XANES spectrum of Cu-ProIAPP 1-48 has a significantly different shape, indicating that Cu is bound to ProIAPP . The Cu-ProIAPP 1-48 spectrum has an absorption maximum at nearly the same position as Cu in buffer, confirming that copper, as expected, is in its doubly ionized form, Cu(II).
It is interesting to note that Zn(II) and Al(III) added in solution seem to affect the Cu-ProIAPP 1-48 coordination mode in a way that depends on their concentration. In particular Zn(II) is seen to affect the XANES spectrum of Cu-ProIAPP 1-48 at high (black line), while Al(III) at low (light blue line) concentration.
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(a) (b) These qualitative findings are supported by Thioflavine T (ThT) fluorescence and Dynamic Light Scattering (DLS) measurements. In Reference [14] , some of the authors of the present paper observed that, at a ProIAPP1-48 concentration of 20 μM, which is close to the one of the present study, the peptide forms ThT-fluorescence positive aggregates. In the presence of an equimolar concentration of Cu(II), the ThT-fluorescence is instead significantly reduced. In reference [21] they perform DLS measurements showing that Cu(II) has an effect on ProIAPP1-48 aggregation in the direction of increasing the average aggregate size. The results of the experiments presented here confirm these observations and demonstrate that the effect of Cu(II) on ProIAPP1-48 fibrillization is due to a direct binding between the Cu(II) ions and the peptide.
For what concerns the role of other metal ions, in Reference [21] the same authors show that Al(III) at equimolar concentration with the peptide does not have a detectable effect on ProIAPP1-48 aggregate size. Although the ProIAPP1-48 concentrations considered in Reference [21] were higher (5-60 μm) than that used in this study, this observation is in agreement with what we observe here, namely that at low concentrations Al(III) ions do not have significant effects. Moreover, in Reference [14] it was also observed that the ThT fluorescence of 20 μM ProIAPP1-48 was unaffected by the presence of 10-fold excess of Zn(II) ion, while the fluorescence was significantly lower in the presence of an additional 10 μM Cu(II). Although these measurements are not performed in exactly the same conditions as in the present study, taken all together they contribute to form a picture in which Cu(II) most strongly affects ProIAPP1-48 aggregation, with Al(III) and Zn(II) being able to modulate its effect.
Conclusions
We are well aware of the fact that the quality of the collected spectra does not allow any speculation about the structural differences of the possible different Cu(II) coordination modes induced by the presence of Al(III) or Zn(II). Nevertheless, we think that the results we obtained are relevant in two respects. These qualitative findings are supported by Thioflavine T (ThT) fluorescence and Dynamic Light Scattering (DLS) measurements. In Reference [14] , some of the authors of the present paper observed that, at a ProIAPP 1-48 concentration of 20 µM, which is close to the one of the present study, the peptide forms ThT-fluorescence positive aggregates. In the presence of an equimolar concentration of Cu(II), the ThT-fluorescence is instead significantly reduced. In reference [21] [21] were higher (5-60 µm) than that used in this study, this observation is in agreement with what we observe here, namely that at low concentrations Al(III) ions do not have significant effects. Moreover, in Reference [14] it was also observed that the ThT fluorescence of 20 µM ProIAPP 1-48 was unaffected by the presence of 10-fold excess of Zn(II) ion, while the fluorescence was significantly lower in the presence of an additional 10 µM Cu(II). Although these measurements are not performed in exactly the same conditions as in the present study, taken all together they contribute to form a picture in which Cu(II) most strongly affects ProIAPP 1-48 aggregation, with Al(III) and Zn(II) being able to modulate its effect.
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1
. Though yet at a qualitative level, the existence of differences in the XANES spectral features induced by the presence of the Zn(II) or Al(III) in the Cu(II)-ProIAPP 1-48 binding mode sample is clearly established. These differences appear to be dependent (in different way) from the added ion concentration.
2.
Experiments of the kind we have been able to perform at the ESRF HERFD XAS line demonstrate the general feasibility of XAS measurements on samples where the absorbing atom is present at micromolar concentration. This last fact is of special methodological relevance as it shows that it is possible to perform XAS measurements on very diluted metal-peptide complexes in physiological conditions, when raising metal ions concentration to improve the signal-to-noise ratio is not possible, as this would dramatically alter their physiological coordination mode.
In this paper we have successfully demonstrated the feasibility of XAS measurements of very diluted samples (i.e., where the absorber concentration is at the micromolar level) and proved that adding in solution either Zn(II) or Al(III) has a detectable impact on the Cu coordination. If, as a next step, one wants to arrive at a detailed description of the Cu(II)-ProIAPP 1-48 coordination mode, some kind of information about the metal site structure is required. To this end NMR, X-ray crystallography and numerical (classical and/or, ab initio) molecular approaches could be of much help, as demonstrated in the study of similar instances performed in References [28, 29] .
Concluding we would like to stress that XAS is an invaluable and irreplaceable tool when the interest is to get highly resolved (order of hundredths of Angstrom) structural information on the metal site even for very diluted samples like the ones one often finds in the case of biological systems in physiological conditions. Neither NMR (that needs isotopic labelling) nor X-ray diffraction (that requires crystals) are as informative and easily accessible as XAS in these circumstances. This point is largely acknowledged by people working in experimental groups that routinely use NMR and X-ray diffraction. Indeed, when available, NMR and/or X-ray diffraction data are often refined (confirmed) with complementary XAS measurements [30] [31] [32] [33] [34] .
